First, Amoore's stereochemical theory of olfaction was re-examined by principal component analysis. Both stereochemical and organoleptic similarities give us nearly the same information.
INTRODUCTION
In the last decade, several attempts appeared to apply multivariate procedures for the exploration of fundamental dimensions of odors. Although these researches had been started independently, their common interests and similarity of procedures became apparent, and mutual communications among the researchers are increasing.
These works can be categorized in several ways. First, methods using descriptive words are contrasted with methods without these words (multidimensional scaling) . Indeed, words are the most important means of communication for humans from the oldest days. However, most words have several connotations , giving chance of confusion between the communicator and the communicatee. Hence, some researchers are reluctant to employ words . This is the very reason, why Schutz's proposal (1964) for matching standards method was welcome.
However, even in the study of Schutz, at the first stage, descriptive words are employed in rating scale form. Schutz used 30 stimuli and 29 rating scales. However, he computed correlation matrix among stimuli, not among scales. We may call this is a kind of" Q" technique factor analysis [of stimulus space], which yielded nine factors (aromatic, etherial, sweet, burnt, rancid, oily, metallic, spicy and sulfurous) of representative odors. In the experiment of Wright & Michels (1964) , 50 odors were rated for their similarities to nine" tentative reference" stimuli (without referring to words), and" Q" technique factor analysis was applied to the data matrix, which yielded 8 factors (trigeminus stimulants, emotional, resinous, spicy, benzothiazole, hexyl acetate , unpleasant, and citral). As the names for some factors indicate, we cannot find relevant words to express the features of some odor stimuli, except the chemical nomenclature per se. Harper, Bate Smith and Land (1968a , b) applied 44 scales to 53 odor stimuli , and factor analyzed by" Q" technique. They proposed three dimensional solid model, for those odors by plasticitine (unfortunately, table of factor loadings is not yet published).
On the other hand, Yoshida (1964a , b) 1 A part of this paper was supported by g rant in aid from the Ministry of Education , Research unit director being Prof. Bun-ichi Toyoda, Oto-rhinolaryngol. clinic, Kanazawa University . The author expresses his gratitude to Dr . Dravnieks, A., who kindly offered the data in Section (II), to Miss Mochizuki, T., Miss Takano, Y., and Mrs . Hayashi, M. for data processing.
reported,"R" technique type factor analysis of descriptive scales [of scale space] which yielded 3 main factors. The most important is hedonic tone or pleasantnessunpleasantness dimension, the second harshness, and the third vividness. To this point, results of most researchers are consistent. Randebrock (1965) reported similar study on cosmetics, yielding three main factors, pleasantness-unpleasantness, strain-relax, etc. Yoshida's and Randebrock's methods are formally similar to the semantic differential technique of Osgood, Suci and Tannenbaum (1957) , except that (1) they used actual sensory stimuli, and (2) final purpose of these studies is a systematization of sensory affairs, not of linguistic habits. Now, most of the multidimensional rating systems are formally similar to semantic differential, and it is a great merit of semantic differential type method to open the way for a rational classification of these scales."Rational" means that the result of factor analysis will yield minimum number of orthogonal dimensions.
Of course, the interpretation of factors is not so easy in some cases, unless it is abstracted to the highest degree, i. e., evaluation, potency and activity of Osgood.
Before the introduction of factor analytic techniques, the classification or dimension-reducing procedure depended solely on the keen intuition and wide experience of the researcher. With factor analytic techniques, most researcher can participate to new research areas with considerable ease.
Since the early 1950s, another type of multivariate procedure was developed, namely, multidimensional scaling (MDS). This technique was first introduced by Torgerson (1952) , and was applied by his colleagues to the problem of color. Since the latter half of the nineteenth century, three dimensions of color, i. e., value, hue, and chroma in the wording of Munsell system, are well established physically, physiologically, and psychologically. The tion, several attempts were reported by Yoshida on taste (1963 , and on surface touch -1968 Murakoshi, Yamakawa, Saito & Yoshida 1969) . In taste studies, Henning's tetrahedron representation was confirmed, while in surface touch studies only a few dimensions were found than was previously supposed.
As for olfaction studies, Yoshida (1963 Yoshida ( , 1969 denied the Henning's odor prism, even when the dimensions were restricted to the first three. Concurrently, Woskow (1964 ) in California, Eyferth (1964 in Germany, reported multidimensional scaling of odors by Torgerson's procedure, while Ekman and his associates in Sweden and Engen in U. S. A. applied multidimensional scaling of Ekman type to odors (though in restricted range of stimulus sampling, like a homologies of aliphatic alcohols). They published several papers in this field (e. g., Ekman & Engen, 1962; Berglund, Engen & Ekman 1972) . A few years after the publication of Shepard's (1962) and Kruskal's (1964a , b) paper, Wender (1968 , under Eyferth, published the application of nonmetric multidimensional scaling to four kinds of odors at four concentration levels. Five factors were extracted, of which the second and the fifth were intensity and hedonic tone, while the rest were specific to the quality of the stimuli. In the classical method of Torgerson, some assumption on additive constants in the scaling of absolute distances is introduced. In contrast, Kruskal's model of multidimensional scaling need not such assumption, since nonmetric model uses only the ordinal information contained in the data (typically, similarity judgment etc. Hence, the most advanced model is not always the best procedure everywhere, although wender's results allowed us considerably clear interpretation.
Now, a practical point should be mentioned here, concerning the relative merit of MDS and factor analysis. In multidimensional scaling, stimuli cannot be added or eliminated at will, once an experiment has started on, since the introduction or removal of some stimuli may completely change the picture; but, in semantic differential type works, not all the stimuli are rated at once (of course, possible if it is needed). Hence, it is possible to add or withdraw some chemicals or rating scales in the process of experiment. In other words, the latter is more open to revision, which may be a merit in the exploratory stages. Besides, linear models of factor analysis or PCA applied to rating data (sometimes called "profile method" by organoleptic workers), do not need additional assumption as to the distance scaling. Indeed, these linear models are the For the present, we shall not digress further to principle of classification other than the multivariate analysis of subjective similarity assessment. However, there is a very serious point to be noted. How to select the stimuli or rating scales? If there are too few scales or stimuli, or if the scales and/or stimuli selection is biased, the results cannot guarantee their universal validity. Of course, we cannot employ very many scales or stimuli in an experiment. Practical limit will be 50 or 60 at most. In order to secure high validity with relatively few stimuli or few scales, it is necessary to consult to the opinions of experts. Dr. Amoore, Dr. Dravnieks, Prof. Takagi or Mr. Kainoshow are those few experts.
In the sense of taste, the fundamental frame-work is clearly recognized as the classical four, i. e., sweet, bitter, salty, and sour, and representative stimuli for these four are sugar, quinine sulphate, salt, and tartaric acid (or civic acid etc.). Hence, electrophysiologists can experiment at ease with these taste substances. In contrast, in the sense of olfaction, the fundamental odors has not been clarified yet. Even the number of fundamentals is not known yet. In physiological work, the life of a single cell is too short to respond more than several stimulations, since microelectrode technique is a kind of destruction tests. So, physiologists would apply stimuli which are found to be fundamental. Unfortunately, however, no chemical or psychological theory exists yet, which claim its ultimate validity. Physiologists want even tentative frame of reference, of which Amoore's theory was the most popular, e.g. see the work of Takagi, Aoki, Iino and Yajima (1969) .
Hence, even the tentative proposal of psychologists are noted by physiologists, who would see which stimuli are used in psychologists experiments.
Next, as for selection of scales. In the stage of qualitative description, or characteristic feature extraction, the collection and rational classification of relevant words are very important. This procedure is a kind of phenomenology and adopted in many fields. The collection from literature and conversation with specialists are essential. Yoshida's criterion for the selection of scales was reference to literature, like Henning (1916) , Zwaardemaker (1895) , Hazzard (1930 ), Hiraizumi (1955 . etc. Probably, relevance rating of scales by specialists will be desirable, before applying them to real stimuli. This procedure is done by Harper et al. (1968a, b) , RishuKenkvu-kai on flavour scales of " sake " tasting (1960), Japan Monopoly Corp. Central Inst. on tobacco smoking (1966), and Yoshikawa Tsuchida, Nomura and Namekawa (1965) on cosmetics.
(I) A re-analysis of Amoore's theory of olfaction One of the recent theories of olfaction, noted by many researchers, is J. E. Amoore's stereochemical theory. Amoore in his series of papers (1952-1962, 1964, 1967 ) developed a theory of olfactory sites, which fit to molecular shapes for seven primary odors.
He considered these seven as primary, based on the frequencies of descriptive words collected from chemistry textbooks. So long as chemistry is concerned, psychology has no direct touch with his theory. However, Amoore and his associates collected organoleptic assessment (subjective judgment) data for these odors, and found considerably high correlations between stereochemical structure and sensory smells (r=0.5-0.6). Amoore and Venstrom (1967) is the most detailed in his series of papers, which was first reported at Internat.
Symp. Olfaction & Taste II, Tokyo. In this paper, he measured " chemical or structural similarity " among 108 chemicals. First, he constructed solid models of molecular shape for each odor, then he made three silhouetts for these models (projection on frontal, horizontal, and lateral planes), and plotted lines from the centroid to the outline by every 10 degrees. The chemical similarities between two odors are measured in the following manner. First, one silhouette of an odor i was put on the same projection silhouette of another odor j, and the differences of vectors subtending in the same direction were accumlated. There are 36 vectors on one projection, and there are three projections, ycilding 108 vectors in all. Sum of the differences on 108 vectors in this way was regarded as a " distance " between odor i and j. However, since it is a tremendous amount of labour, even with a large computer (IBM 7090), to calculate all the distances among 108 odors (more than 5000 distances), although he later reports a help of strong pattern recognizer PAPA (1970) Here, three types of analyses are apsince they participated in the olfactory intensity scaling using n-butanol, several months before the present data were obtained. Since the original data are based on distance judgments, the first type is the more pertinent. However, the result by this procedure showed some anomaly, which we first experienced. Therefore, we tried other types of analyses.
(A) Torgerson type MDS Procedure, In the distance model, the similarity measure should be converted, simplest method of transformation is to construct a complementary number scale, that is, e.g. the similarity score of 5 .67 between ethanol and n-butanol corresponds to a distance measure of 1.33=7.00-5 .67, (7.00 being the maximum possible distance). This method was suggested by Dravnieks himself. And these values were scaled by overall variance (e=2.29) of similarity judgments (e.g. distance between ethanol and n-butanol is 0.60=1.33/2.29). Thus, similarity matrix was converted into distance matrix, then the matrix of inner product of vectors was computed and factor analyzed (principal component model) by Tosbac 3400.
assumption about the additive constant in the present analysis. Although Messick and Ableson showed the method to estimate the constant, we assumed it to be zero. Not only Eisler (1969) showed an empirical case of very near-zero constant, but quantification theory of Hayashi, and Murayama (1964) assures us that additive constant is irrelevant, so long as similarity measure plus constant is greater than zero. If this is the only source of irregularity in our case, there is another possibility to re-analyze the data by Krushkal type nonmetric MDS. Thc most important is the tentative interpretation of factors. In a word, it is not so easy. Positive side of the first axis is represented by acetone, and the negative side by pyridine. This axis is clearly a pleasantness-unpleasantness dimension.
On the second axis, positive side is represented by thiophene and CCl4 and the negative side by dimethyl pentane, which finds no easy naming.
On the third axis, positive side is garlic, since it is represented by allyl alcohol, but the negative side represented by acetonitrile finds no appropriate naming.
On the fourth axis, positive side is represented by dioxane, and the negative side are represented by cyclohexane and chloroform.
In the model of Torgerson, there is no normalization of distances, like the correlation coefficients of factor analysis. Hence the factor loadings are not necessarily restricted in the range of 1.00--1.00. However, negative first factor loadings in the present analysis seem to be more natural than the results of Ekman type MDS referred in the next section, since this factor suggests itself to be a pleasantness unpleasantness dimension. Fig. 2 ). Hence, tentative interpretation to the third through fourth, paralleling to the other model analyses, should not be taken so seriously. An influential mathematical statistician Hahashi and Muramaya (1964) proposed a systematization of multivariate procedures, and classified them into two categories, the one with external criterion (or criteria), and the other without it. Ordinary multiple regression analysis or discriminant analysis belong to the first category, while most factor analytic prodecures belong to the second. He showed that latent roots and latent vectors of similarity score sii (not the distance or dissimilarity) matrix give orthogonal coordinates of stimuli in an Euclidean space, and they are invariant so long as s,i+c> O. Here, neither normalization nor additive constant are assumed (1964, p. 321 , without external criterion, case 2). In the present context, original data, which may be regarded as a symmetric matrix of similarity measure, are put to PCA directly. Here, Hayashi's model is essentially the same as the modified Ekman type MDS referred above, except a scaling constant. In order to save space, factor matrix is omitted, since the elements of Table 3 (B) multipled by A/ 7 give the solution for Hayashi's model.
Results. As is shown in Table 3 (B), five factors are extracted. The convergence of Eigenvalues is much faster, and no irregularity was found here as in Torgerson type MDS.
Since the assumptions for two models are different, the results are not directly comparable. For example, in Ekman's model, there is no negative elements in the percentage of common components, yielding no negative loadings on the first axis, while in Torgerson's model scalar products of vectors are equivalent to correlation coefficients in the ordinary factor analysis, and may have negative elements. Although Dravnieks himself does not like to use word scales for the description of odor qualities, because of its indirect nature, there will be another possibility of applying PCA directly to the variance-covariance matrix, calculated from the data, if the original data were of the semantic differential type. In that case, we can bypass the problems in scaling similarity. For example, both the additive constant problem in Torgerson's model and transformation problems in analysis (B) may be avoided. However, the original data do not permit us such treatments.
In Ekman type analysis, the first factor is not easily interpreted in spite of its large Eigenvalue. Although the importance is much less than in the case of Torgerson type MDS, tentative interpretations are attempted for the second through the third.
On the second axis, positive side is represented by pyridine, and negative side by toluene. The positive side is clearly unpleasant, foul, and burnt, but the negative side does not necessarily mean pleasantness. On the third axis positive side is represented by thiophene, and negative side by dimethyl pentane. This again is not easy to name.
Inspecting original data matrix, similarity rating scores of isomers of odor (propanol, or butanol) are relatively low, compared with those scores among different kinds of odors. The results of MDS simply reflects such a tendency contained in original data, although the name meta-, or iso-, etc. were derived from the " slight " difference from their normal form. Such tendency was also observed in Yoshida's study on touch (1968) , where the similarity scores among different kinds of fibres are relatively large, when compared with similarity ratings between fibres and stones or metals. If such compression and enhancement of similarity scale is an artifact, due to the forced judgment situation within a limited time, it is a weakpoint in direct judgment of similarity, which may be regarded as a final criterion of psychological data.
(C) Micko's halo model. Micko (1970) proposed an extension of direct ratio scaling, called halo model, contrasted with vector model of Ekman type MDS. While the most important variable in vector model q,1, is regarded as the ratio of common percept measure (pl,, projection of vector i on vector j) to total percept for stimulus i, in halo model the common percept measure co is regarded as the intersection of two halos i and j (halo is a circle, whose diameter is the length of percept vector). He deduced the relation between distance measure d,:,, scalar product bo, and common percept measure cif.
Procedure. For the present case, original data may be regarded as a symmetric matrix. Hence, cu is equal to gij in Ekman type MDS, which leads to dij=2(1-gu), and 611=1-2(1 -q,))2. Thus, b" in this model is a quadratic function of go, while 3 (C) and Fig. 2 .
The first factor is not easily interpreted in spite of its large Eigenvalue. The second axis is an opposition between groups of (pyridine and allyl acoholl) vs (toluene, acetone, and butanone). The third axis an opposition between dimethyl benzene vs (thiophene, and CC14). The fourth axis an opposition between (chloroform, and cyclohexane) vs butyl ether. In spite of quadratic relation between elements of Ekman type MDS and Micko's model, general configurations of odors are similar.
Discussion. In this section, three types of multidimensional scalings were applied, all of them assuming Euclidean space model. In this respect, formal structure of linear algebra and geometric properties are the same as the Thurstonian tradition of factor analysis. Non-metric models of ShepardKruskal type or Coombs-Goode type were not attempted by the limitation of our computer facilities.
We made no attempts to check the validities of scale transformations, and it is a considerably serious flaw in this analysis. Since there is no ultimate criterion to judge the validity in this field, the only criterion is a consistency among the results of different procedures. The functional relationship between distance measure of (A) Torgerson type, scalar product measure for (B) Ekman-Hayashi type, and that of (C) Micko type are referred above. There is a considerable variation in the rate of convergence of factors, and no clear cut meaning was found for the most important factor al.
Besides, unlike the most factor analytic or multidimensional studies, where rotations of axes are often attempted in order to facilitate interpretation, here, no analytic rotation was attempted. According to our experiences, varimax solution compared with original PCA or centroid method, yielded no facilitation, except the reference axes are rotated orthogonally and the contributions of factors become more even. In the field of olfaction, Wright and Michels (1964) tried varimax and oblimax rotation, but no new information was obtained, except that a few chemicals were substituted for the most representative chemicals of a few dimensions.
UMMARY
Recent developments in multivariate analysis promise its usefulness, when applied to the problem of fundamental dimensions of odors. Here, two sets of data are analyzed by ordinary factor analysis and multidimensional scaling.
The first is a reanalysis of Amoore's stereochemical theory of primary odors. Amoore's seven primary odor qualities assessed organolepticallv (psychological), with stereochemical similarities to five standard chemicals, and Takagi et al.'s electrophysiological data, were analyzed by principal component analysis (PCA). According to "Q" technique analysis of 96 odors, ethc rical, musky, minty and camphoracious odors showed relatively clear clusters, but not so for floral odors. According to "R" technique analysis, organoleptic and stereochemical similarity give nearly the same informations. The dimensions of (cool, harsh) vs (warm, soft), and heavy vs light are seen, while positive physiological responses (available for only 2S odors) show maximum similarity to etherial odors, and negative physiological responses to camphor-mint group of odors.
The second is a reanalysis of Dravnieks' similariry assessment data. Transforming similarity measure into distance measure, Torgerson's multidimensionalscaling (MDS) was applied. five factors were extracted. The first is clearly hedonic tone, the third is an opposition between garlic vs almond, but the second, the fourth and the fifth were not easily interpreted.
